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ABSTRACT
Chitosan films are an excellent media for binding metal ions due to the electrostatic
nature of the chitosan molecules. Addition of cross-linking or plasticizing agents alters
texture of the films, but their effect on metal-binding capacity has not been fully
characterized. The objective of this research was to determine effects of plasticizers and
cross-linkers on physical and metal-binding properties of chitosan films and coatings
prepared by casting and by spincoating. Chitosan films were prepared using 1% w/w
chitosan in 1% acetic acid with or without (control) additives. Plasticizing agents were
tetraethylene glycol (TEG) and glycerol while citric acid, ethylenediamine tetraacetic
acid (EDTA), and tetraethylene glycol diacrylate (TEGDA) were used as cross-linkers.
The additives were applied in concentrations of 0.10%, 0.25%, and 0.50% w/w of filmforming solution. The films were prepared by casting and by spincoating. Films were
cast at ambient conditions for tests within one week (fresh films) and eight weeks (aged)
after casting. The cast films were evaluated for thickness, residual moisture (by the Karl
Fischer method), Cr(VI) binding capacity, puncture strength, and puncture deformation
while the chitosan coatings were tested for thickness, Cr(VI) binding capacity, solubility
in aqueous solution, and surface morphology (using atomic force microscopy). Cast
films with cross-linkers showed an increase in resistance to puncture while plasticized
films become more elastomeric. Control films bound 97.2% Cr(VI) ions from solution
(0.56 mg Cr(VI)/g film), and addition of plasticizers did not affect chromium binding,
tying up to 96.7% Cr(VI) ions from solution (0.56 mg Cr(VI)/g film). Films containing
cross-linkers yielded binding capabilities ranging from 42.3% to 94.3% bound Cr(VI)
ions (0.26-0.52 mg Cr(VI)/g film). Ultrathin coatings also possess the ability to bind
iv

Cr(VI) from solution, though only a maximum of 7.4% of Cr(VI) ions could be bound
from solution, the thin films had the ability to bind up to 224 mg Cr(VI)/g ultrathin film.
These coatings use less chitosan, but they display greater binding per mass. Overall,
plasticizers do not alter, while cross-linkers may reduce, the binding capacity of chitosan
films, but physical properties of the films can be controlled by inclusion of additives.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1

Chitosan
Chitosan is a readily available cationic biopolymer found in materials often
considered to be waste, such as shrimp, crab, and lobster shells and fungal biomass. It is
derived from chitin, the second most abundant biopolymer on earth, behind only
cellulose. Chitosan is produced from chitin by alkali deacetylation, but the techniques
vary based on the source. The resultant chitosan can vary in molecular weight, charge
distribution, and degree of acetylation (Park, Marsh et al. 2002; Guibal 2004; Wu,
Zivanovic et al. 2004; Gamage and Shahidi 2007). It is allowed for food use in Japan and
Korea, and though not permitted as a food additive in America, the US does allow its
inclusion in animal feed (Park, Marsh et al. 2002), as a biopesticide (US EPA 2008), and
as a dietary supplement. Allergy questions have hindered chitosan being accepted as a
GRAS (generally recognized as safe) substance in the US, but studies have shown that it
is ―unwise to interpret chitin (and chitosan) as an allergenic substance‖ (Muzzarelli 2010)
because purified chitosan no longer contains proteins, fats, and other contaminants. Due
to its cationic nature, chitosan has antimicrobial and metal-binding properties, and it has
been used to bind metals in the wastewater of food production facilities (Guibal 2004).
In addition, gels, films, beads, and fibers can be formed from chitosan dissolved in acidic
aqueous solution (Frank, Rao et al. 1996; Guibal 2004; Sankararamakrishnan, Dixit et al.
2006; Zivanovic, Li et al. 2008; Ghosh, Ali et al. 2010).
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Chromium
Chromium can exist in several oxidation states, but the most prevalent are Cr(III) and
Cr(VI). Chromium(VI) is a known mutagen and carcinogen; thus, removal of this hazard
from the environment is crucial for protection of human health. The US Department of
Health and Human Services Public Health Service reports that chromium is used in many
industrial processes, such as the production of certain paint pigments, forging and
welding of steel, production of wood preservatives, and tanning of leather (US DHHS
1980). Chromium is also used to create synthetic rubies for lasers, synthetic emeralds,
catalysts, chromium dioxide magnetic tapes, red blood cell radioactive markers, and
certain fungicides (Shupack 1991). The US Army alone generates 5.9 million kg/year of
chrome-contaminated streams and spends $10 million in disposal costs (Boddu and Smith
2002).
Currently, the EPA limits the concentration of total chromium in drinking water to
less than 100 µg/L (US EPA 2009); however, a concentration of 580 µg Cr(VI)/L
detected in the late 1980s in drinking water in Hinkley, CA, caused a wide range of
health problems to more than 650 people (Pellerin and Booker 2000). Hexavalent
chromium, once ingested or inhaled, is reduced to the trivalent form by gastric juices or
epithelial lining fluid in the lungs (containing ascorbate and glutathione). The trivalent
form also possesses the carcinogenic ability once in the body, but it cannot be absorbed
as easily as hexavalent chromium (Grevatt 1998). In several instances, short-term
ailments, such as diarrhea and vomiting, and long term effects, such as lung and stomach
cancers, have been reported as a result of exposure to hexavalent chromium (Pellerin and
Booker 2000).
3

In aqueous solution, Cr(VI) exists in several species based on the pH of the
solution. At acidic pH, the reddish HCrO42- and Cr2O72- anions are most prevalent, but
only the yellow-colored chromate anion (CrO42-) is present at a pH greater than 8
(Shupack 1991). The ability of Cr(VI) to exist in varying oxospecies causes difficulty in
identifying certain oxidation states. Cr(III), for instance, is the most stable oxidation
state, but other trace metals in organic matter and moisture have shown to oxidize Cr(III)
to Cr(VI) (Shupack 1991). Chromium concentrations can be determined by several
methods such as inductively coupled plasma mass spectroscopy and energy dispersive
spectroscopy (Lee, Mi et al. 2001; Gamage and Shahidi 2007), but many of these
methods are meant to analyze several oxidation states of chromium or total chromium
levels. Cr(VI) can be detected by the diphenylcarbazide method using spectroscopy in
order to obtain this subset measurement alone (Greenberg, Clesceri et al. 1992).

Binding Properties of Chitosan
Chitosan is a natural polysaccharide with the ability to bind hazardous heavy metals
from several media, including organic material and wastewater (Chui, Mok et al. 1996;
Grevatt 1998; Rojas, Silva et al. 2005; Ramnani and Sabharwal 2006;
Sankararamakrishnan, Dixit et al. 2006). Binding ability of chitosan has generally been
attributed to the chelating capacity of the amine groups (Park, Marsh et al. 2002).
Because more than one-half of all United States Environmental Protection Agency
Superfund hazardous waste sites contain chromium, often as chromate ion (CrO4)2-,
chitosan could be used in remediation of these sites.
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Chitosan has been found to be an ideal metal sorbent because of its ability to bind a
wide range of metals at high levels (Baroni, Vieira et al. 2008). Chitosan can bind up to
150 mg Cd(II)/g (Erosa, Medina et al. 2001), 200 mg Cu(II)/g (Lee, Mi et al. 2001), 400450 mg V(V)/g (Guzman, Saucedo et al. 2002), and 800 mg Hg(II)/g (Varma, Deshpande
et al. 2004). The disparity in binding capacity between elements and species is likely due
to the valence charge and size of each element. Binding is affected by several other
factors including pH and ionic strength (Vold, Varum et al. 2003). The environment’s
pH can cause protonation or deprotonation of reactive groups, and a decrease in ionic
strength will result in decreased binding affinity.
Interestingly, chitosan’s ability to bind metals seems to be limited to the transition
metals as alkaline and alkaline-earth metals do not bind well due to the lack of d and f
orbitals. This enables chitosan to selectively bind the transition metals over the smaller
non-transition metals (Guibal 2004). Chitosan is able, however, to bind both metal
cations and metal-containing anions by different mechanisms. Cations can be bound by
ion-dipole interactions with electronegative oxygen atoms while anions can be bound in
acidic solution by electrostatic attraction to the protonated amine groups (Guibal 2004).
The two binding mechanisms are demonstrated by the ability of chitosan to bind proteins
in wastewater (Gamage and Shahidi 2007). Using packaging materials that can bind
chromium can prevent contamination of food products, helping to prevent safety risks
due to processing mistakes or even terrorist attacks on the food supply. Removal of the
complexed metal ions from the chitosan is thought to be achieved by altering pH of the
chitosan once removed from solution or by addition of stronger chelating agents (Guibal
2004; Copello, Varela et al. 2008).
5

Chitosan films are preferred to chitosan flakes in this application because films could
be easily removed whereas flakes would have to be sifted or skimmed out of solution. In
addition, films and coatings are being used more frequently in food preservation and
related applications in recent years, so the technology necessary to produce these films
and coatings is already available.

Packaging/Film-Forming Properties
Chitosan films are ideal for use as a coating and/or packaging material for food,
agricultural, and pharmaceutical products due to their oxygen barrier properties—a result
of extensive intermolecular hydrogen bonding between amino and carbonyl groups.
However, the water vapor permeability of such films is high due to the hydrophilic nature
of carbohydrates (Yang and Paulson 2000; Han, Seo et al. 2006). Polysaccharides
previously tested in film applications include starch, cellulose, alginate, carrageenan,
gellan, pectin, and chitosan (Butler, Vergano et al. 1996; Yang and Paulson 2000;
Delville, Joly et al. 2003; Godbillot, Dole et al. 2006; Han, Seo et al. 2006; Cao, Yang et
al. 2009; Galdeano, Mali et al. 2009). Many polysaccharide films cannot be used in
contact with aqueous solution due to high solubility. Chitosan is not soluble in aqueous
solution at neutral and alkaline pH; however, it dissolves in acidic conditions. Thus,
additives should be used to stabilize the chitosan matrix and prevent dissolution in acid
solution. While each type of polysaccharide film has unique properties individually, the
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most useful films are those made of a combination of polysaccharides or with the
inclusion of additives. Indeed, use as an edible film or coating may be limited based on
the extent of properties given by additives to these films (Kim, Son et al. 2006).

Additives
The addition of cross-linkers and plasticizers to carbohydrate films has been widely
studied as a means of improving textural properties (Yamaguchi, Iizuka et al. 2003;
Galdeano, Mali et al. 2009), vapor barrier properties (Caner, Vergano et al. 1998; Yang
and Paulson 2000; Cao, Yang et al. 2009) as well as other chemical and microbiological
factors (Moller, Grelier et al. 2004). Although tetraethylene glycol (TEG) is commonly
used, the most-studied plasticizing agent in carbohydrate films has been glycerol. Its
efficacy in increasing film puncture deformation and binding properties of films has been
well-documented (Butler, Vergano et al. 1996; Caner, Vergano et al. 1998; Yang and
Paulson 2000; Han, Seo et al. 2006; Kim, Son et al. 2006). Glycerol can be used at
relatively low concentrations to achieve significant plasticizing properties. It has been
shown that an additional increase of glycerol from 0.25 mL/g chitosan to 0.5 mL/g
chitosan decreased tensile strength from an initial range of 19-35 MPa to 15-22 MPa
(Butler, Vergano et al. 1996).
Cross-linking of polymer molecules within films is of significance when studying the
functionality of polymer films. Citric acid and EDTA have also been studied previously
in carbohydrate films due to their chelating and cross-linking abilities (Yamaguchi,
Iizuka et al. 2003; Moller, Grelier et al. 2004). The authors found that most organic
7

acids, including citric acid, are able to complex with the chitosan molecule. Other crosslinking agents commonly studied in biopolymer films include tetraethylene glycol
diacrylate (TEGDA), epichlorohydrin, and glutaraldehyde; however, none of these are
currently accepted in the United States for use in food (Rojas, Silva et al. 2005;
Sankararamakrishnan, Dixit et al. 2006; Baroni, Vieira et al. 2008). The chemical
structures of the cross-linkers and plasticizers used in this research are presented in
Figure 1.1. Cross-linking of chitosan with citric acid or EDTA is achieved by ionic
bonding between the positively-charged amine groups of the chitosan and the negativelycharged carboxyl groups of the cross-linker (Hermanson 1996). Cross-linking of
chitosan molecules by these additives may hinder any chelating properties of the crosslinkers, however.

Ultrathin Films
Ultrathin chitosan coatings can be created by spincoating a solid substrate with
chitosan dissolved in acidic aqueous solution. Often, this substrate is a silicon wafer
because the surface is smooth and hydrophilic. Though many applications of chitosan
films rely on their bulk properties, ultrathin and thin films and coatings have uses in
several technologies. They can serve as dielectrics in microelectronics, lubricants, and
layers in liquid crystal displays (Frank, Rao et al. 1996).
Ultrathin coating is based on the rotational velocity of the spincoater at several stages
in the coating process. The amount of chitosan solution placed on the chip does not
significantly affect the thickness of the spincoated films because excess material is spun
8

off of the wafer; however, the rotational velocity of the spincoater is correlated to the
average thickness of the resultant film (Ligler, Lingerfelt et al. 2001). This resultant
coating, composed of chitosan and acetic acid with minimal moisture inclusion, can be
referred to as a chitosonium acetate layer (Murray and Dutcher 2006). An ultrathin
chitosonium acetate layer will exhibit a different structure than that of a ―thick‖ chitosan
film due to a decreased amount of residual solvent after the deposition of the filmforming solution (Frank, Rao et al. 1996).
Thickness of ultrathin coatings can be determined with an ellipsometer, using the
refractive index of the chitosan (between 1.50 and 1.60) (Frank, Rao et al. 1996; Ligler,
Lingerfelt et al. 2001) to determine its thickness. Generally, measurements are taken in
the center and at points near the edge, but the edge may be less uniform due to drying of
excess solution after spincoating so these exterior measurements should be taken halfway
between the center and the edge.
Atomic force microscopy (AFM) can also be used to study the surface of the
spincoated layer and analyze its topography and overall roughness. The topography is
important because of its influence on steric hindrance during binding (Ghosh, Ali et al.
2010). Generally, the chitosonium acetate coatings exhibit large thickness variation on
the nanoscale level (Ghosh, Ali et al. 2010). These hill-and-valley structures greatly
impact the binding properties of the ultrathin films (Ghosh, Ali et al. 2010). Ultrathin
chitosan coatings have been shown to exhibit varying root-mean-square (RMS)
roughness measurements based on the degree of deacetylation (DDA). Coatings made
from chitosan with 82.1% DDA and 93.8% DDA yielded roughness values of 0.9 nm and
0.3 nm respectively, with a scan size of 1 µm2 (Nosal, Thompson et al. 2005).
9

Goals
The overall goal of this research is to create a chitosan film that has excellent metal
binding capacity while maintaining favorable physical properties and remaining insoluble
in aqueous solution. Specifically for this project, it was important to determine the type
and concentration of additive that can be used to improve these properties of chitosan
films. The effect of thickness on chitosan films and coatings was also studied, and
chitosan films were compared to ultrathin chitosonium acetate coatings. The addition of
cross-linkers and plasticizers could alter the physical properties, affecting the binding
properties of the films as a result. Ultrathin films were investigated to determine if the
binding of Cr(VI) by chitosan was a bulk or surface function of chitosan. Ultrathin
coatings may also have applications where thick films cannot be used, such as in
nanolaminate food packaging or edible coatings.
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Chitosan

Acetic acid

pKa=4.76
TEG

Glycerol

Citric acid

pKa=3.15, 4.77, 6.40
EDTA

pKa=0, 1.5, 2.0, 2.69, 6.13, 10.37

TEGDA

Figure 1.1. Chemical structures of chitosan, acetic acid, plasticizers, and cross-linkers
(pKa included for acids)
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CHAPTER 2. CHITOSAN FILMS PREPARED BY CASTING
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Abstract
A plentiful waste product of shellfish production, chitosan has the ability to bind
heavy metal ions in aqueous solution. The objective of this study was to create a selfstanding film with the best binding properties while investigating the effects plasticizers
and cross-linkers have on metal binding and physical characteristics. Thickness, residual
moisture, Cr(VI) binding capacity, puncture strength, and puncture deformation were
measured to characterize the films. Chitosan films were prepared using 1% w/w chitosan
in 1% acetic acid with or without (control) additives. Plasticizing agents were
tetraethylene glycol (TEG) and glycerol while citric acid, ethylenediamine tetraacetic
acid (EDTA), and tetraethylene glycol diacrylate (TEGDA) were used as cross-linkers.
The additives were applied in concentrations of 0.10%, 0.25%, and 0.50% w/w of filmforming solution. Cast films with cross-linkers showed an increase in resistance to
puncture while plasticized films become more elastomeric. Control films bound 97.2%
Cr(VI) ions from solution (0.56 mg Cr(VI)/g film). Addition of plasticizers did not affect
chromium binding, tying up to 96.7% Cr(VI) ions from solution (0.56 mg Cr(VI)/g film).
Cross-linked films showed binding capabilities ranging from 42.3% to 94.3% bound
Cr(VI) ions (0.26-0.52 mg Cr(VI)/g film). Overall, additives did not affect metal binding
in aqueous solution, with the exception of 0.50% EDTA that reduced the amount of
Cr(VI) bound by chitosan films. Both types of additives can be used to create films with
altered mechanical properties.
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Introduction
Chitosan is derived from chitin, the second-most plentiful carbohydrate on earth.
Because it is so plentiful in shellfish exoskeletons, disposal of vast amounts of chitosan
waste from food processing poses a problem for manufacturers. Creation of chitosan
films from seafood wastes is a useful solution to several problems. First, it can
drastically reduce the amount of waste the seafood industry produces, thus reducing
landfill space. In addition, these films can be used in packaging to reduce the amount of
plastic products needed for packaging of food, pharmaceutical, and agricultural products.
These films have the ability to bind metal ions as part of a packaging material or as a
stand-alone chelating agent used to remediate wastewater or polluted sites. Potentially,
cast films could be used in areas with poor water quality or no water treatment to remove
chemical and microbiological contaminants, as chitosan also boasts antimicrobial
properties (Moller, Grelier et al. 2004; Zivanovic, Chi et al. 2005; Rhim, Hong et al.
2006; Li, Mahendra et al. 2008).
Chitosan is highly soluble in acidic solution; thus, chitosan films are cast from dilute
solutions of acetic acid. Chitosan is commercially refined by alkali deacetylation from
chitin, which can be directly taken from shrimp shells and other waste products. To
make the films more flexible or more difficult to rupture, a manufacturer could add
plasticizers or cross-linkers to the chitosan film-forming solution. Addition of
plasticizers yields a more pliable film that could be used in a similar manner as plastic
wrap. Cross-linkers harden the films so that they can offer better protection from
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breakage. Currently, chitosan is not approved for food use in the United States; however,
many of the additives such as citric acid, EDTA, and glycerol are already used in food.
Chromium was selected for this study due to its prevalence in industrial waste (Boddu
and Smith 2002). It is one of the smaller transition metals, and it is usually found in
conjunction with oxygen atoms as chromate or dichromate anions. As a byproduct of
many industrial processes, it is found at the majority of government land remediation
sites. Because Cr(III) is only needed in trace amounts in human nutrition (Shupack
1991), there is little risk of a chitosan packaging film removing too much chromium from
a food product. Chromium poses health risks as a result of ingestion or inhalation so
removal of chromium from food and water is necessary to prevent cancers and other
health risks (Grevatt 1998).
The feasibility of chitosan packaging materials and their utility in binding toxic ions
was investigated in this chapter. It was important to determine if the molecular weight of
chitosan affected its metal binding properties and if addition of plasticizers or crosslinkers could affect chemical or physical properties as well. Chitosan films have the
potential to improve the safety of food and water by utilizing a product most industry
considers to be waste.

Materials and Methods
Film Preparation
Chitosan films were prepared as 1% w/w chitosan with low, medium, or high
molecular weight and 75-85% degree of deacetylation as noted by the manufacturer
(Sigma-Aldrich, St. Louis, MO) in 1 % aqueous acetic acid. Chitosan was first hydrated
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in about half of required DI water until boiling. After cooling, the required volume of 10
% acetic acid was added, and the solution was stirred overnight. After stirring, the mass
of film-forming solution (FFS) was adjusted to achieve exactly 1% chitosan and 1%
acetic acid by addition of DI water. The solution was filtered through Miracloth®
(Calbiochem, Santa Barbara, CA) to remove possible impurities. Film-forming solution
for control films was poured in aliquots of approximately 50 grams from this solution to
each Petri dish. Treated films were formed by mixing FFS with the appropriate amount
of cross-linker (citric acid, tetraethylene glycol diacrylate (TEGDA), ethylenediamine
tetraacetic acid (EDTA)) or plasticizer (tetraethylene glycol (TEG), glycerol). EDTA and
citric acid were added in crystalline form; TEGDA, TEG, and glycerol were added as
liquids. All additives were added at concentrations of 0.10%, 0.25%, and 0.50% w/w of
FFS so as to compare with past studies. The FFS was stirred for 2 hours at room
temperature before casting. Films were cast in large (10 cm OD, 58.2 cm2 bottom surface
area, approx. 8.6 mg chitosan/cm2 film) polystyrene Petri dishes at ambient temperature
and relative humidity. Films were analyzed as freshly formed (within a week of casting)
and after eight weeks storage in desiccation (~22C, ~ 20% RH).
Film Thickness
Thickness was determined using a micrometer (Mitutoyo, Japan). Measurements
were taken by placing the films between the grips and tightening until first resistance.
Five measurements were taken, with one in the film’s center, as well as one every 90°
around the outer edge. These data points were averaged to express the film’s average
thickness.
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Physical Properties
Puncture (rupture) strength and puncture deformation were determined using
TA.XTPlus Texture Analyzer (Texture Technologies Corp., Scarsdale, NY/Stable Micro
Systems, Godalming, Surrey, UK) equipped with 2 mm-needle probe (TA-52) and fixture
to hold the film (TA-108S Mini Puncture Rig). The probe test speed was 1.0 mm/s. The
puncture strength (PS) was recorded as the force needed to rupture the film (kg).
Puncture deformation was determined as maximum deformation of the film (mm) when
in contact with the probe.
Surface Examination
Film crystallization was visualized using the Olympus BX51 microscope with DP70
camera (Melville, NY) with polarized light.
Moisture Content
Amount of residual water in the films was determined using the Karl Fischer method
and gravimetric method. One quarter of a film (approx. 0.2 g) was ground in a laboratory
mill (Thomas Scientific Wiley Mini Mill, Model 3383-L10, Swedesboro, NJ) and kept in
a desiccator at 20% RH for 48 hours prior to analysis with the 795 KFT Titrino
volumetric titrator (Metrohm, Switzerland). The Karl Fischer reagent had a titer of 4.5
mg/mL, and methanol (<50 ppm H2O) was used as the solvent. For gravimetric
determination, ground films that were kept in a desiccator for 48 hours were placed in a
vacuum oven under 20 psi at 95°C for 24 hours. The difference in mass before and after
drying was calculated, and loss was considered to be water.
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Metal Binding
Metal binding was determined by diluting 1000 ppm chromate standard solution
(Ricca Chemical, Arlington, TX) containing 1 g K2CrO4/L by a factor of 100 to 10 mg
K2CrO4/L. Aliquots of 25 mL of this solution were placed in plastic vortex tube along
with 0.18±0.02 g film sample and the tubes were tumbled end-over-end using a carousel
lab mixer (Thermo Fisher Scientific, Pittsburgh, PA). Samples of the solution were
filtered through Whatman #1 ashless filter paper (Whatman, Maidstone, England) to
remove possible particles of dissolved film, and the photometric method was used for
determination of residual chromium in the solution.
Concentration of hexavalent chromium in solution was analyzed as described in
Standard Methods for the Examination of Water and Wastewater: in short, 1 mL sample
solution was mixed with 10 mL 0.5 N H2SO4 in 25-mL volumetric flask, 1.0 mL symdiphenylcarbazide in 50 % acetone (Ricca Chemical, Arlington, TX) was added, and the
volume was adjusted with 0.5 N H2SO4 to 25 mL (Greenberg, Clesceri et al. 1992).
Absorbance was immediately read at λ=540 nm using 10 cm quartz cuvettes and a
spectrophotometer (UV-2102PC, Shimadzu, Kyoto, Japan).
Statistical Analysis
Data were analyzed for mean separation using Tukey’s HSD test in the JMP program
(JMP 2007). Means within the same data set were designated as significant with a
different letter with a confidence of p<0.05. Significance of treatment factors was
determined using Proc Mixed with the SAS software package (SAS 2008).
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Results and Discussion
Thickness
As noted in Table 2.1, the control chitosan films had an average thickness ranging
from 0.086 mm to 0.095 mm, and the differences caused by variation in molecular weight
were not statistically significant (p>0.05). In addition, the age of the chitosan films was
also insignificant in affecting their thickness (p>0.05).
Addition of plasticizing agents showed a positive correlation between additive
concentration and film thickness. This is likely due to the significance of the interaction
between additive type and concentration of additive (p<0.01). The molecular weight of
the films also interacted significantly with the additive, whether it be a plasticizer or
cross-linker (p<0.0001). HMW films plasticized with TEG ranged in thickness from
0.100 mm (0.10% TEG) to 0.111 (0.50% TEG) without a significant difference. MMW
chitosan films with the same additive and concentrations had thicknesses of 0.092 mm to
0.108 mm, also with no significant difference; however LMW chitosan films containing
0.10% TEG had a thickness of 0.084 mm, which was significantly lower than the
thickness of the film with 0.50% TEG, which measured 0.119 mm. Films containing
glycerol as an additive had similar thickness, regardless of the additive concentration or
chitosan molecular weight. Thickness of these films was between 0.087 mm (0.10%
glycerol, LMW chitosan) and 0.112 mm (0.50% glycerol, MMW chitosan).
The addition of cross-linking agents increased the thickness of the chitosan films
significantly (p<0.05) in only two cases. HMW films containing 0.50% EDTA had an
average thickness of 0.136 mm, and LMW films containing 0.50% TEGDA had an
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average thickness of 0.124 mm; these are greater than their respective control film
thicknesses of 0.087 mm and 0.095 mm respectively. Within the TEGDA films, only
those LMW chitosan films containing 0.10% and 0.50% TEGDA differed by a significant
margin, with thicknesses of 0.094 mm, and 0.124 mm respectively. EDTA and HMW
chitosan films showed a similar trend, with the significantly different thicknesses of
0.098 mm (0.25% EDTA) and 0.136 mm (0.50% EDTA). Citric acid films were the most
irregular in thickness, with very thin and very thick areas averaged together. The only
significant difference between the average thicknesses of these films occurred in HMW
films. Films with 0.10% citric acid measured 0.073 mm in thickness while 0.50% citric
acid films were 0.115 mm thick.
Differences in film thickness were not statistically significant. As a whole, apparent
difference between control, plasticized, and cross-linked films was the result of relatively
large thickness variation within the same group of the films. Nevertheless, some of the
trends in thickness as a result of additive-molecular weight or additive-concentration
interactions were significant (p<0.05). For instance, TEGDA 0.50% films of high and
low molecular weights had thicknesses of 0.108 and 0.124 mm respectively (positive
correlation) while EDTA films of the same concentration and molecular weight have
thicknesses of 0.136 and 0.105 mm; these factors are negatively correlated.
Texture
The force needed to rupture freshly cast chitosan films was 2.6 kg and increased to
4.3 kg after aging (Table 2.2), but due to large variation among films even of the same
type, this increase was not significant (p>0.05). The increase in strength of the films after
eight weeks may be due to enhanced interactions between polymer molecules over time.
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As expected, plasticizers generally reduced rupture force (RF) in the films. The
greatest decrease in fresh films occurred with 0.50% glycerol films which had a
necessary rupture force of only 1.2 kg. After aging plasticized films for eight weeks, all
of the films showed an increase in RF; however, all of the plasticized films still had lower
RF values compared to the control film, with 0.10% glycerol (3.9 kg) and 0.10% TEG
(3.6 kg) having the greatest values, though none of the differences were significant
(p>0.05).
Cross-linkers did not increase RF in fresh films because the increase was not
statistically significant due to large variations in RF among the films of the same type.
For example, the increase was noticeable in fresh 0.10% and 0.25% citric acid (3.9 kg
and 3.8 kg respectively) and 0.10% TEGDA films (3.4 kg) while not any greater at higher
concentrations of cross-linker. Thus, this increase was not concentration dependant,
meaning that 0.10% cross-linker was sufficient for the interaction with available sites on
chitosan molecules. Addition of EDTA did not significantly strengthen the films, even
after aging, as aged EDTA films averaged 5.0 to 5.3 kg. Fresh and aged films with
0.25% citric acid were brittle and hard to peel from Petri dishes without breaking, and
those with 0.50% citric acid all broke upon peeling so the pieces were not sufficient for
texture measurements.
Aging of the films with EDTA caused no significant increase in the force needed for
rupturing the films. Similar to the films with citric acid, films with EDTA became
opaque over time due to visible crystallization of EDTA (Figure 2.1), but EDTA crystals
seemed to make the films stronger and more resistant to puncture. Contrary to
expectations, TEGDA films typically needed no more force to rupture after eight weeks
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storage than when fresh. After aging for eight weeks, TEGDA films also became
opaque, with a whitish color although no crystals could be observed with polarized
microscope.
On average, the age and the additive are both significant in describing the RF of
chitosan films (p<0.0001), but the individual values did not differ significantly between
fresh films and aged films. In addition, the interaction of age and additive is significant
in influencing the RF of the films (p<0.01).
Freshly cast control chitosan films had a puncture deformation (PD) of 1.7 mm and
the PD was not affected by aging (1.9 mm) (Table 2.3). As compared to gellan-beeswax
composite films of similar thickness (0.06-0.08 mm) with PD ranging from 6.5-7.5 mm,
fresh chitosan films were less flexible, though film thickness is not taken into account
(Yang and Paulson 2000). Chitosan films containing 0.25% glycerol with calcium
gluconate, calcium lactate, zinc acetate, or vitamin E have exhibited PD of 4.9-6.3 mm,
though many of these films tended to be less thick than our chitosan films containing
glycerol. For instance, the films containing 0.25% glycerol were 49 (their results) and
92-97 µm thick (Park and Zhao 2004).
Addition of plasticizers at 0.25% and 0.50% levels increased PD of the films. The
increase was dependent on additive, concentration, and the interaction between the two
factors (p<0.0001). Films with 0.10% plasticizer had similar PD when fresh or aged,
with values ranging from 1.7-2.7 mm in both instances, but when plasticizer was added in
concentrations of 0.50%, PD was considerably higher (but not significantly so) in fresh
than aged films. This was noticeable in both TEG (3.5 mm fresh to 2.8 mm aged) and
glycerol films (5.6 mm fresh to 4.2 mm aged). One possible explanation is that in fresh
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films, plasticizer molecules served as ―spacers‖ between chitosan chains, entrapping
relatively large amounts of water. After eight weeks at ambient conditions, most of the
residual water may have evaporated, leaving the films less thick and less flexible (Table
2.4). Addition of plasticizers at the 0.25% level or greater significantly increased the PD
of the films, with the exception of 0.50% TEG which films had a PD of 2.8 mm. With
aged plasticized films, only the 0.25% TEG, 0.25% glycerol, and 0.50% glycerol films
were significantly more flexible than the control.
Overall, fresh cross-linked films were less flexible than films containing 0.50%
plasticizer, and aging of the films with cross-linkers did not affect their PD values.
Cross-linkers did not considerably affect PD of the films, except for 0.50% EDTA fresh
films having an average PD of 2.4 mm, significantly greater than the fresh control film.
The PD values for fresh cross-linked films ranged from 1.6 mm to 2.4 mm, and when
aged, the values were similar, 1.4 mm to 2.5 mm, but none of the differences were
statistically different from the control.
Moisture Content
The control chitosan film contained 1.9-3.6% moisture as determined by the Karl
Fischer method, depending on molecular weight chitosan used, though molecular weight
was not a significant factor for the amount of residual moisture in the films (p>0.05).
The Karl Fischer method measures only amount of water, while oven-drying accounts for
mass loss during drying; since mass loss could occur due to evaporation of other solvents
in addition to water (i.e., acetic acid, glycerol, TEG) during extended time at 95ºC, this
method usually overestimates the moisture content.
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On average, plasticized films had moisture content equal to the control films while
those containing cross-linkers had lower moisture content as compared to the control.
The plasticized films ranged from 1.6-4.1% moisture (Table 2.5). Moisture content in the
films with plasticizers was related to the additive used and the interaction between the
additive and the concentration of the additive (p<0.0001). The concentration of additive
alone did not show a trend in regard to the moisture content of the films, as various
concentrations led to similar results. Comparable studies involving plasticized
biopolymer films confirm these findings. Gelatin films with plasticizing agents ranged
from approximately 10-20% moisture determined by oven method (Cao, Yang et al.
2009) while chitosan films with 1% glycerol contained 4.60% ± 0.30% moisture, also
determined by oven drying method (Bajdik, Marciello et al. 2009). Another study
involving oat starch films with glycerol as a plasticizer also notes a significant trend in
which films with lower concentrations of plasticizer absorb less water (Galdeano, Mali et
al. 2009).
Cross-linked films tended to have similar water content to control films. These films
ranged from 1.8-2.8% moisture, while EDTA films ranged from 1.3-2.2% moisture and
citric acid films from 0.3-3.0%. The greatest water content in cross-linked films was
exhibited by medium molecular weight 0.10% citric acid films (3.0%). The least amount
of moisture was found in 0.50% citric acid low molecular weight films (0.3%).
Fresh control films completely dissolved in DI water at room temperature due to
residual acetic acid. The amount of the acid was apparently sufficient to lower pH of the
water in near vicinity of the films, creating thus ideal conditions for solubilization of
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chitosan. As the films aged, the chitosan matrix became stronger and some of the acid
was probably lost, thus resulting in much improved stability of the films in water.
Fresh films prepared with glycerol, regardless on the glycerol concentration, behaved
similarly to control: they completely dissolved in water. Cross-linked films varied in
water solubility (data not shown). Fresh films containing EDTA behaved like the control
and dissolved completely, while after aging, they exhibited limited solubility. TEGDA
films showed very little change after aging, and citric acid films were difficult to
characterize. The citric acid films showed a decrease after aging; extensive
crystallization of the citric acid in these films likely played a role in the variability of the
results.
Metal Binding
Fresh control chitosan films were able to bind 0.53 mg Cr/g film, and after aging the
values did not differ significantly, binding 0.56 mg Cr/g film (Table 2.6). These amounts
are derived from removal of 70.6% Cr(VI) from 4.48 mg Cr(VI)/L solution with fresh
films, and 97.2% Cr(VI) after aging (Table 2.7). It is important to note that the
concentration of Cr used in the experiment was 4.48 mg/L while drinking water must
contain less than 100 µg/L (US EPA 2009). Thus, the test solution was 50 times more
concentrated than the maximum contaminant level regulated by the EPA. Assuming a
possible chromium concentration in contaminated water to be about 5 times higher than
EPA allows (in Hinkley, CA, case contamination level was 580 µg Cr(VI)/L or 5.8 times
greater than allowed), one gram of chitosan film would be able to bind all or almost all
chromium from one liter of such water (530–560 µg Cr(VI)) within 10 minutes of
contact.
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Addition of TEG did not significantly alter binding capacity of the films while effect
of glycerol was concentration dependant (p<0.001). Thus, addition of 0.10% glycerol
resulted in increased amount of bound chromium (0.69 mg Cr/g film) while 0.50%
caused reduction down to 0.50 mg Cr/g film. After eight weeks of aging, effect of
plasticizers was insignificant (0.51– 0.56 mg Cr/g film).
Contrary to expectations, films with citric acid and EDTA bound reduced amount of
Cr(VI) compared to control, and although only the groups of 0.50% EDTA films and
0.25% EDTA aged films showed statistical significance, the trend was correlated with
concentration of the additive. Films with 0.10% citric acid actually showed a significant
increase in the percent of bound chromate, binding 93% of the ions as compared to
70.6% bound by the fresh control film. Films with 0.50% EDTA bound only 0.26 mg
Cr/g film, removing roughly 40% of Cr(VI) from the test solution. EDTA and citric acid
are both able to cross-link chitosan using multiple carboxyl groups to bridge deacetylated
amine groups in chitosan. Chelation properties of these two additives are the result of
free carboxyl groups in addition to nitrogen atoms in the EDTA molecule which can gain
a positive charge at acidic pH. These properties should have enabled films with citric
acid and EDTA to bind more chromium, but this was not the case. Addition of TEGDA
had no effect on chromium binding by the films, and aging did not significantly affect
binding capacity of cross-linked chitosan films.
As a whole, the age of the films was not a significant factor in Cr(VI) binding. Only
the control film showed a difference in the percentage of Cr(VI) bound over the two
aging periods. The additive, concentration of additive, and interaction between the two
factors were significant in determining the percentage of Cr(VI) bound as well as the
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amount bound per gram of chitosan film (p<0.0001). Films containing 0.10% of
plasticizer or cross-linker had the greatest overall binding of chromium, and this was a
significantly greater amount than the amount of chromium bound by films containing
0.50% of an additive.
Conclusions
The change in thickness of cast films was only significant in films containing 0.50%
EDTA or 0.50% TEGDA and was not significant in films with plasticizers. Plasticizers
slightly lowered rupture force in fresh films, and after aging their effect was still hardly
noticeable. Flexibility of the films was enhanced with addition of plasticizers, and the
amount of residual water in plasticized films was unchanged or slightly higher than in
control films. Addition of TEG or glycerol as plasticizers in concentrations up to 0.50%
in film forming solution did not alter the chromium binding capacity of chitosan-based
films. Glycerol and TEG had similar effects on texture, moisture content, and metal
binding of chitosan films.
Films with citric acid and EDTA became brittle, and although rupture force in films
with EDTA was on average higher than in control films, the values greatly varied due to
crystallization of EDTA within the film matrix. Cross-linkers had no effect on rupture
deformation of the films, but addition of cross-linkers resulted in films with lower water
content.
Addition of 0.25% or more EDTA significantly decreased ability of the films to
remove chromium from aqueous solution. Citric acid and TEGDA, as added crosslinkers in concentrations up to 0.50% in film forming solution, were not effective in
increasing metal binding of chitosan films; however, of three evaluated cross-linkers only
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TEGDA resulted in films with acceptable properties—good stability in water regardless
of age of the films, no detectable crystallization, and unchanged chromium binding
capacity.
Overall, the use of any additive is most favorable at a lower concentration. Addition
of higher (0.50%) concentrations of additive resulted in large changes in physical
properties such as rupture force and puncture deformation. The ―ideal film‖ should
contain a low concentration (0.10% or 0.25%) of either glycerol or TEG to improve the
physical barrier a packaging film would provide. Neither plasticizers nor cross-linkers
improved binding significantly, yet EDTA at 0.50% concentration hindered chromium
binding. Cross-linkers in higher concentrations (0.25% and 0.50%) tended to crystallize
on the films, and thus provided little to the films. While plasticized films may have
greater moisture content, storage in low humidity will age the films and reduce moisture
content to yield a stronger and less soluble film.
Additive inclusion at a higher concentration (0.50%) leads to the greatest differences
between control films and those with plasticizers or cross-linkers. At this concentration,
it is likely that negatively-charged carboxyl groups of cross-linkers are bound to most of
the positively-charged amine groups of the chitosan. This will cause the films to have
greater puncture strength and reduced metal binding capacity. Plasticizers are able to
position themselves between the chitosan chains, enhancing moisture inclusion and
elastomeric behavior.
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(a)

(b)

Figure 2.1. Crystallization in 1% chitosan, 1% acetic acid films containing (a) EDTA
and (b) citric acid; images taken using polarized microscopy.
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Table 2.1. Thickness of chitosan films (mm)
Control

High MW

Med. MW

Low MW

0.087bcd

0.086ab

0.095bcd

TEG

0.10%
0.25%
0.50%

0.100bcd
0.104abc
0.111ab

0.092ab
0.102ab
0.108ab

0.084cd
0.106abcd
0.119ab

Glycerol

0.10%
0.25%
0.50%

0.097bcd
0.097bcd
0.100bcd

0.096ab
0.092ab
0.112ab

0.087cd
0.096bcd
0.107abc

0.10% 0.080cd
0.089ab
0.094bcd
0.25% 0.102abcd
0.102ab
0.105abcd
0.50% 0.108abc
0.116a
0.124a
EDTA
0.10% 0.088bcd
0.087ab
0.078d
0.25% 0.098bcd
0.080b
0.096abcd
0.50% 0.136a
0.111ab
0.105abcd
Citric Acid 0.10% 0.073d
0.093ab
0.098abcd
0.25% 0.101bcd
0.106ab
0.117abcd
0.50% 0.115ab
0.111ab
0.120ab
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
TEGDA

36

Table 2.2. Rupture force (kg) of medium
molecular weight chitosan films
Fresh

Aged

2.6abcd 4.3a

Control
TEG

0.10%
0.25%
0.50%

2.5abcd 3.6a
2.2bcd 3.2a
1.9cd
3.4a

Glycerol

0.10%

2.1bcd

3.9a

0.25%
0.50%

2.1bcd
1.2d

2.9a
2.6a

0.10% 3.4ab
3.4a
0.25% 2.8abc 3.1a
0.50% 3.0abc 2.3a
EDTA
0.10% 2.7abcd 5.3a
0.25% 3.1abc 5.0a
0.50% 3.1abc 5.3a
Citric Acid 0.10% 3.9a
4.8a
0.25% 3.8a
5.0a
0.50% .
.
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
TEGDA
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Table 2.3. Puncture deformation (mm)
of medium molecular weight chitosan
films
Fresh
Control

f,A

1.7

Aged
1.9def,A

TEG

0.10% 1.7ef,A
0.25% 2.5cd,A
0.50% 3.5b,A

2.1cdef,A
3.2abc,A
2.8bcd,A

Glycerol

0.10% 1.9def,A 2.7bcde,A
0.25% 2.9bc,A

3.8ab,A

0.50% 5.6a,A

4.2a,B

0.10% 2.1def,A 2.3cdef,A
0.25% 1.9def,A 1.6ef,A
0.50% 2.0def,A 1.5ef,A
EDTA
0.10% 1.7ef,A 2.2cdef,A
0.25% 1.8def,A 2.5cdef,A
0.50% 2.4cde,A 2.0cdef,A
Citric Acid 0.10% 1.6f,A
2.1cdef,A
0.25% 1.7ef,A 1.4f,A
0.50% .
.
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
Capital letters represent significant difference between columns
TEGDA
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Table 2.4. Thickness (mm) of medium
molecular weight chitosan films before and after
aging
Control
TEG

Glycerol

TEGDA

EDTA

Citric Acid

0.10%
0.25%
0.50%
0.10%
0.25%
0.50%
0.10%
0.25%
0.50%
0.10%
0.25%
0.50%
0.10%
0.25%
0.50%

Fresh
0.086
0.098
0.110
0.122
0.085
0.081
0.105
0.083
0.111
0.107
0.099
0.107
0.106
0.105
0.121
0.110

8 Weeks
0.064
0.070
0.095
0.097
0.081
0.081
0.098
0.077
0.092
0.123
0.094
0.114
0.121
0.115
0.118
0.120
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Table 2.5. Percent moisture of chitosan films by Karl
Fischer method
Control

High MW

Med. MW

Low MW

3.6a

2.1ab

1.9abc

TEG

0.10%
0.25%
0.50%

2.5abc
3.2ab
3.1ab

2.9a
3.7a
3.2a

3.2ab
4.1a
3.4ab

Glycerol

0.10%

2.4abc

1.6ab

3.0ab

0.25%
0.50%

1.8abc
3.4a

2.4ab
3.4a

3.3ab
3.3ab

0.10% 2.5abc
2.5ab
1.8abc
0.25% 2.1abc
2.5ab
1.9abc
0.50% 2.8ab
2.8ab
2.1abc
EDTA
0.10% 2.2abc
1.8ab
1.7abc
0.25% 1.4abc
1.3ab
1.7abc
0.50% 1.3bc
1.5ab
1.3bc
Citric Acid 0.10% 2.1abc
3.0a
2.4abc
0.25% 2.2abc
1.5ab
1.8abc
0.50% 0.7c
0.4b
0.3c
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
Films stored for 8 weeks at ambient temperature and humidity
TEGDA
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Table 2.6. Chromium bound by medium molecular
weight chitosan films (mg Cr/g film)
Aged 4 Aged 8
Fresh
Weeks Weeks
0.53abc

0.54ab

0.56a

0.63ab
0.61ab
0.60ab
0.69a
0.60ab

0.62a
0.60ab
0.58ab
0.53ab
0.53ab

0.56a
0.55a
0.54a
0.51a
0.54a

0.50% 0.50abc

0.53ab

0.53a

0.10% 0.65a
0.25% 0.67a
0.50% 0.62ab

0.63a
0.63a
0.55ab

0.57a
0.51a
0.51a

Control
TEG

Glycerol

TEGDA

0.10%
0.25%
0.50%
0.10%
0.25%

0.10% 0.50abc 0.56ab
0.50a
0.25% 0.39cd
0.38bc
0.30b
0.50% 0.26d
0.24c
0.26b
Citric Acid
0.10% 0.63ab
0.62a
0.52a
0.25% 0.60ab
0.55ab
0.47a
0.50% 0.45bc
0.49ab
0.46a
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
EDTA
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Table 2.7. Chromium binding % by medium
molecular weight chitosan films
Aged 4
Aged 8
Fresh
Weeks
Weeks
70.6bcde,B

88.9a,AB

97.2a,A

88.7ab,A
87.7abc,A
83.0abcd,A
94.3a,A
91.7ab,A

90.8a,A
90.6a,A
89.8a,A
89.7a,A
88.7a,A

96.7a,A
93.6ab,A
88.9ab,A
89.4ab,A
95.2a,A

0.50% 66.7cde,A

88.5a,A

88.2ab,A

0.10% 91.8ab,A
0.25% 90.4ab,A
0.50% 90.9ab,A

94.0a,A
91.0a,A
84.5a,A

93.8ab,A
87.4ab,A
93.0ab,A

Control
TEG

Glycerol

TEGDA

0.10%
0.25%
0.50%
0.10%
0.25%

0.10% 78.8abcde,A 90.1a,A
79.9b,A
0.25% 60.7ef,A
60.6b,A
48.5c,A
0.50% 39.6f,A
36.8c,A
42.3c,A
Citric Acid 0.10% 93.0a,A
96.8a,A
94.3ab,A
0.25% 82.3abcde,A 85.2a,A
85.4ab,A
0.50% 64.7de,A
81.0ab,A 82.4ab,A
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
Capital letters represent significant difference between columns
EDTA

42

CHAPTER 3. ULTRATHIN CHITOSAN FILMS
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Abstract
Chitosan films have proven to be effective in binding chromium ions in aqueous
solution. While self-standing chitosan films are appropriate for binding chromium when
used as a filter or removable strip, ultrathin coatings can be incorporated in a multilayer
packaging film. Chitosan coatings were prepared using 1% w/w chitosan in 1% acetic
acid with or without (control) additives. Plasticizing agents were tetraethylene glycol
(TEG) and glycerol while citric acid, ethylenediamine tetraacetic acid (EDTA), and
tetraethylene glycol diacrylate (TEGDA) were used as cross-linkers. The additives were
applied in concentrations of 0.10%, 0.25%, and 0.50% w/w of film-forming solution.
The coatings were spincoated onto 4 cm2 silicon wafers using 0.5 mL of film-forming
solution per wafer. Control films bound 38.7-223.7 Cr(VI)/g film. Addition of
plasticizers did not affect chromium binding, tying up to 142.7 mg Cr(VI)/g film.
However, cross-linkers reduced binding capabilities of the films, ranging from 0.0-122.5
mg Cr(VI)/g film. Overall, addition of plasticizers did not decrease metal binding in
aqueous solution while addition of EDTA with medium molecular weight chitosan did
inhibit metal binding. Solubility of the coatings was not decreased by addition of
plasticizers and cross-linkers, and many addition of cross-linkers at 0.50% concentration
actually significantly increased solubility (p<0.05). Ultrathin chitosan coatings can be
used in conjunction with other packaging materials to create films with multifunctional
properties.
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Introduction
Nanolaminates, novel laminate coatings with a thickness between 1 and 100 nm, have
numerous application in food packaging and preservation due to multiple layers
imparting different characteristics to create a barrier to both gases and moisture (Weiss,
Takhistov et al. 2006). Such coatings are used on a variety of food products, ranging
from fruits and vegetables to meats and baked goods.
Chitosan, a cationic polysaccharide, has previously been used to create thick films
(~0.100 mm) to bind metals from aqueous solution. Chitosan is hydrophilic, and due to
poor mechanical properties in the presence of moisture, it best functions as a component
of a nanolaminate for food packaging. To create an ultrathin coating, chitosan is
dissolved in an aqueous acetic acid solution. The solution could be applied by spraying
onto a substrate, dipping a product in the solution, or by using centrifugal force to
spincoat a product.
To study ultrathin coatings, chitosan solution is spincoated on 4 cm2 silicon wafers.
The coatings are analyzed for thickness using an ellipsometer and for surface roughness
using atomic force microscopy (AFM) (Nosal, Thompson et al. 2005; Murray and
Dutcher 2006). One advantage of ultrathin coatings is that they are roughly 1000 times
thinner than thick films so they require less material to create a film. The structure of an
ultrathin coating is considerably different than that in bulk materials, such as thick
chitosan films (Frank, Rao et al. 1996).
Addition of plasticizers and cross-linkers to chitosan film-forming solution has been
studied as a means of improving physical properties of thick films and ultrathin coatings
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(Ligler, Lingerfelt et al. 2001). Ideally, addition of plasticizers and cross-linkers would
improve the metal binding capacity, but if this is not achieved, the additives should not
hinder the metal binding properties of the chitosan alone.
The feasibility of chitosan packaging materials and their utility in binding toxic ions
was investigated in this chapter. It was important to determine if the molecular weight of
chitosan affected its metal binding properties and if addition of plasticizers or crosslinkers could affect chemical or physical properties as well. Chitosan coatings have the
potential to improve the safety of food and water by utilizing a product most industry
considers to be waste. The roughness and thickness of the ultrathin coatings were also
studied to determine how chitosan coatings could function in a nanolaminate.

Materials and Methods
Film Preparation
Ultrathin chitosan coatings were prepared as 1% w/w chitosan with low, medium, or
high molecular weight and 75-85% degree of deacetylation as noted by the manufacturer
(Sigma-Aldrich, St. Louis, MO) in 1 % aqueous acetic acid. The chitosan was purified
by making a 1% chitosan, 1% acetic acid solution. This solution was adjusted to pH 10
by addition of 1N NaOH and the solution was kept at 4°C to induce precipitation. The
precipitate was removed using vacuum filtration and rinsed with DI water until the wash
water showed pH 7. The chitosan was dried by lyophilization (Virtis Genesis 12EL, SP
Scientific, Gardiner, NY). Purified chitosan was first hydrated in about 80% of required
DI water until boiling. After cooling, the required volume of 10 % acetic acid was added,
and the solution was stirred overnight. After stirring, the mass of film-forming solution
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(FFS) was adjusted to achieve exactly 1% chitosan and 1% acetic acid by addition of DI
water. The solution was filtered through Miracloth® (Calbiochem, Santa Barbara, CA)
to remove possible impurities.
Film-forming solution for control films was used for spincoating immediately.
Treated films were formed by mixing FFS with the appropriate amount of cross-linker
(citric acid, TEGDA, EDTA) or plasticizer (TEG, glycerol). EDTA and citric acid were
added into the solution in crystalline form; TEGDA, TEG, and glycerol were added as
liquids. All additives were added at concentrations of 0.10%, 0.25%, and 0.50% w/w of
FFS so as to compare with past studies. Complete solubility of the additives was
achieved by stirring for 2 hours at room temperature before spincoating. Films were
spincoated onto silicon wafers similarly to previously studied methods (Nosal, Thompson
et al. 2005) with minor adaptations. Silicon wafers (n-type doped with arsenic, 100
orientation; Crysteco Inc., Wilmington, OH) were coated using a spin coater (P-6708 D,
Specialty Coating Systems Inc., Indianapolis, IN). Films were spun at a 2500 rpm for 60
seconds. Films were analyzed as freshly formed (within a week of casting) and after
eight weeks storage at ambient conditions (~22C, ~ 60% RH).
Film Thickness
Thickness was determined using an ellipsometer (Gaertner Scientific Corp., Skokie,
IL). The manually-entered refractive index for chitosan was 1.50 (Jiang, Su et al. 1996).
Five measurements were taken, with one in the film’s center, as well as one every 90°
near the outer edge, avoiding thick deposition on the far edges of each wafer. These data
points were then averaged to determine the film’s average thickness.
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Coating Solubility
Ultrathin film solubility was measured by comparing the difference in thickness
before and after immersion in chromium solution. The difference in thickness was
assumed to be due to dissolved film.
Surface Morphology
Atomic force microscopy (AFM) was used to characterize the surface morphology of
the films. AFM topographic images were obtained in ambient conditions using a
multimode AFM with a Nanoscope III controller (Digital Instruments Veeco Metrology
Group, Santa Barbara, CA) in tapping mode. Scans of 1 µm2 areas were taken with a
scan rate of 1.001 Hz with 512 pixels collected per line. The root-mean-square (RMS)
roughness parameter was used to characterize the surface of the films.
Metal Binding
Metal binding was determined by diluting standard K2CrO4 solution (Ricca Chemical,
Arlington, TX) containing 448 mg Cr/L by a factor of 100 to 4.48 mg Cr/L. Aliquots of
25 mL of this solution were placed in plastic vortex tube along with 4 cm2 silicon wafers
containing spin-coated chitosan films. The vortex tubes were tumbled end-over-end
using a carousel lab mixer (Thermo Fisher Scientific, Pittsburgh, PA). The photometric
method was then used for determination of residual chromium in the solution.
Concentration of hexavalent chromium in solution was analyzed as described in
Standard Methods for the Examination of Water and Wastewater: in short, 1 mL sample
solution was mixed with 10 mL 0.5 N H2SO4 in 25-mL volumetric flask, 1.0 mL symdiphenylcarbazide in 50 % acetone (Ricca Chemical, Arlington, TX) was added, and the
volume was adjusted with 0.5 N H2SO4 to 25 mL (Greenberg, Clesceri et al. 1992).
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Absorbance was immediately read at λ=540 nm using 10 cm quartz cuvettes and a
spectrophotometer (UV-2102PC, Shimadzu, Kyoto, Japan). The mg Cr(VI) bound per
gram of coating was determined by estimating the mass of the coating. The density of
thin films (previously determined to be 1.55 g/cm3) was divided by the volume of the
coating, and mass was determined.
Statistical Analysis
Data were analyzed for mean separation using Tukey’s HSD test in the JMP program
(JMP 2007). Means within the same data set were designated as significant with a
different letter with a confidence of p<0.05. Significance of treatment factors was
measured using Proc Mixed with the SAS software package (SAS 2008).

Results and Discussion
Thickness
Spincoated chitosan films differed in thickness, with the greatest effect on the
thickness being the molecular weight of the chitosan (Table 3.1). For every type of film,
the thickness of the films could be described as follows: high molecular weight (HMW)
was much thicker than medium molecular weight (MMW) which was slightly thicker
than low molecular weight (LMW). As seen in Table 3.1, HMW, MMW, and LMW
control films exhibited this trend, as the thicknesses were 143, 56, and 44 nm
respectively. In this case, the average thickness of the HMW film was significantly
greater than both the MMW and LMW films, and these two film types were not
significantly different (p<0.05).
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Plasticized ultrathin chitosan films tended to be thicker than the control films of the
given molecular weight. All of the 0.50% TEG and 0.50% glycerol films were
significantly thicker (p<0.05) than the control film, with the HMW chitosan 0.50%
glycerol film having an average thickness of 194 nm and the HMW chitosan 0.50% TEG
film having an average thickness of 177 nm. Both of these were greater than the average
thickness of the HMW chitosan control film, 143 nm. This significant positive
correlation was exhibited by every group of plasticized films. In addition, an increase in
plasticizer concentration resulted in a significant increase in thickness for plasticized
films. The difference between 0.50% and 0.25% plasticizer in thickness was significant
for both glycerol and TEG.
The majority of cross-linked ultrathin films were significantly less thick than the
control films (p<0.05). Of the TEGDA films, only those prepared from HMW chitosan
and 0.10% TEGDA exhibited this trend, but these films were very uneven and mottled in
appearance. Many of the solutions containing TEGDA would not coat the silicon wafers
well enough to create a film. EDTA-containing solutions tended to create coatings well
enough, but many of these showed evidence of crystallization, and this caused their
thickness to be more uneven. All HMW and LMW films containing EDTA were
significantly less thick than the control films while only the 0.10% EDTA MMW film
was significantly less thick than the control. Citric acid films are difficult to characterize
because they tend to dry unevenly and have regions of varying thickness; however, like
films with EDTA, all of the HMW and LMW films were significantly less thick than the
control films. The MMW films containing 0.10% and 0.25% citric acid were less thick,
but the 0.50% films were not different than the control in thickness. Neither EDTA- nor
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citric acid-containing high molecular weight chitosan films showed a significant increase
in thickness as a result of greater cross-linker concentration.
Overall, the molecular weight, additive, additive concentration, and interactions
between these factors could be used to predict the thickness of ultrathin chitosan films
(p<0.0001). The molecular weight seems to have the greatest influence in determining
the thickness of ultrathin films.
Film Solubility
The HMW and MMW chitosan films were 8.7% and 18.3% soluble respectively, and
the LMW film was 25.3% soluble, significantly higher than the other two types (p<0.05).
Interestingly, the control films were less soluble or equal in solubility to every other type
of film. Addition of either plasticizers or cross-linkers caused the ultrathin films to
become more soluble in water (Table 3.2).
As expected, plasticizer addition caused an increase in solubility when either glycerol
or TEG was added at the 0.50% level to HMW and MMW chitosan ultrathin films. The
maximum solubility was achieved with the highest plasticizer concentration (0.50%) and
ranged from 30.1 to 35.2%. None of the lesser concentrations of plasticizer caused a
statistically significant increase in solubility. Thus, these additives could be used in
concentrations up to 0.25% without significantly causing the films to become more
soluble in aqueous environments. None of the plasticized films differed in solubility
across the different molecular weight chitosans. The solubility of TEG films ranged from
14.8% to 34.2% while glycerol films were between 13.6% and 35.2% solubility on
average.
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Of all ultrathin coatings with TEGDA, only those prepared with HMW chitosan could
be tested, as these were the only films that would adequately coat the silicon wafer. None
of the values for solubility of these coatings were significantly different than those of the
HMW control film. Addition of 0.50% EDTA to films caused them to become more
soluble, likely a result of EDTA crystallization. For instance, HMW 0.50% EDTA films
increases in solubility from 8.7% (control) to 39.0%. MMW and LMW films containing
the same additive were 57.9% and 63.2% soluble, respectively. Films containing only
0.10% EDTA were no different in solubility than the control films, suggesting a
concentration-dependent change in solubility. All levels of citric acid films containing
LMW chitosan became significantly more soluble than the control (as much as 50.3%),
and the 0.50% and 0.25% citric acid films containing MMW chitosan were also
significantly more soluble, with values of 38.2% and 37.2% respectively.
Overall, chitosan molecular weight, type of additive, and additive concentration
significantly affected solubility of ultrathin coatings. In addition, interactions were all
significant in contribution to solubility of ultrathin films (p<0.0001). Thus, all of these
factors must be taken into account to predict the solubility chitosan ultrathin coatings.
Surface Morphology
The surface of the ultrathin chitosan film had a great impact on the metal binding of the
film because an increase in surface area can allow more exposed binding sites. The
roughness measure may be the most insightful in detailing the binding of ions to chitosan
films. As seen in Table 3.3 and illustrated in Figures 3.1, 3.2, and 3.3, a HMW chitosan
ultrathin film had an average roughness of 1.12 nm, significantly greater than both MMW
and LMW films (0.47 and 0.30 nm respectively). These values are consistent with
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previously obtained values of 0.9 and 0.3 nm in chitosan coatings with varying degree of
deacetylation (Nosal, Thompson et al. 2005). The maximum height of the peaks in each
film was not significantly different between the different molecular weights (p>0.05), but
there was a trend in these values. HMW films had a maximum height of 18.7 nm while
MMW and LMW films had maximum heights of 10.3 and 6.0 nm, respectively. The
following sections will detail any correlation between the surface morphology of the
ultrathin films and the amount of Cr(VI) bound per gram of film.
Metal Binding
As detailed in Table 3.4, 4 cm2 ultrathin films could bind no more than 7.4% of the
Cr(VI) in 25 mL of chromium solution containing 4.48 mg Cr(VI)/L. Cross-linked films
bound less than plasticized films overall, and plasticized films bound a lower percentage
than the control films. Though the percentage of Cr(VI) bound is a good measure of
binding capacity at a given concentration, it is more appropriate to express the amount of
chromium bound per gram of film in order to detect differences between the films since
the mass of thick and thin films differ by a factor of 10,000 (Table 3.5). Measured values
of binding tended to have large deviations, and this led to large differences between
average values being insignificant at p<0.05.
Addition of plasticizers, TEG and glycerol, did not significantly alter the chromium
binding capacity of ultrathin films made of HMW and LMW weight chitosan. The
control HMW film bound 38.7 mg Cr(VI)/g film while the plasticized films bound
between 8.9 (TEG 0.50%) and 29.6 (TEG 0.10%) mg Cr(VI)/g film. For comparison,
electrospun HMW chitosan fibers containing 10% polyethylene oxide were able to bind
16 mg Cr(VI)/g chitosan (Desai, Kit et al. 2008). The MMW and LMW control films
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bound significantly more chromium than the HMW film, with 223.7 and 135.8 mg
Cr(VI)/g film. None of the LMW plasticized films differed in chromium binding;
however, all of the plasticized MMW films (except TEG 0.25%) bound significantly less
chromium per gram of film (80.0-131.6 mg/g) than the control film.
TEGDA-added films, though only tested with HMW chitosan, did not enhance nor
negate binding ability as compared to the control film. Addition of EDTA led to less
predictable results, as addition caused MMW films to bind significantly less than the
control, while HMW and LMW films were no different than their respective control
films. Films containing citric acid as an additive followed a trend similar to that of the
EDTA films, with the HMW and LMW films with EDTA being no different than their
controls in binding capacity. Meanwhile, MMW films all bound significantly less
(p<0.05) chromium, between 1.3 and 9.1 mg Cr(VI)/g film.
Overall, the binding of chromium by ultrathin chitosan films is affected by the
molecular weight of chitosan used, additive, and the interactions between the two factors
(p<0.0001). An interaction between molecular weight and concentration also factors into
the modeling of this phenomenon (p<0.01). The differences between the different
molecular weight chitosans seems especially interesting, and further study in this area
may determine the effect of molecular weight on Cr(VI) binding.
Conclusions
Thickness of chitosan coatings could be best described by knowing the molecular
weight of the chitosan the films were made from. With a few exceptions, HMW films
were much thicker than MMW films, and the MMW were slightly thicker than LMW
films. It appears that there may be an exponential relationship between molecular weight
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and ultrathin film thickness. Generally, films containing cross-linkers were less thick
than those containing plasticizers, so additives do play a role in thickness of the films.
All ultrathin films had some degree of solubility in aqueous solution, which can be
expected. This solubility is most affected by the concentration of additive, as the films
with the greatest amount of additive were always most soluble. HMW films tended to be
less soluble although HMW films have more protrusions from the film surface and thus
more surface area to come in contact with surrounding solution. Though HMW films
have the most surface area with which to bind Cr(VI) ions, the HMW films bound less
chromium per gram of film than the MMW and LMW films. This is speculated to be due
to a greater amount of chitosan crystallization caused by the larger molecules in HMW
chitosan. In addition, this can also explain the lack of solubilization by HMW chitosan
films. EDTA and citric acid films did not always follow this trend, and the results from
these two additives had large standard deviations, making the trends difficult to
characterize.
In contrast to self-standing chitosan films, ultrathin films were able to bind a much
greater amount of Cr(VI) per gram of film. It is likely that the inside layers of thick films
to do not contribute as much to metal binding than the outer layers; thus, ultrathin
coatings with little chitosan unexposed to solution are more efficient at binding aqueous
chromium. When expressed as a percentage of the total chromium in solution, the thick
films were able to bind much more than the ultrathin coatings. This seems to be strictly a
function of the increased mass of these films.
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Figure 3.1. AFM micrograph of low molecular weight chitosan coating
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Figure 3.2. AFM micrograph of medium molecular weight chitosan coating
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Figure 3.3. AFM micrograph of high molecular weight chitosan coating
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Table 3.1. Thickness of ultrathin chitosan films
(nm)
High MW
cd,A

56

44b,B

139de,A
158c,A
177b,A
139de,A
156c,A

59cd,B
64bc,B
73a,B
59cd,B
64c,B

45b,C
46b,C
55a,C
44b,C
48b,C

Glycerol

0.50% 194a,A

69ab,B

56a,C

TEGDA

0.10% 126ef,A

52efgh,B

.

0.10%
0.25%
0.50%
0.10%
0.25%

def,B

Low MW

143

Control
TEG

Med. MW

0.25% 146cd
.
.
cd
0.50% 153
.
.
fg,A
gh,B
EDTA
0.10% 112
49
37c,C
0.25% 106g,A
50fgh,B
38c,B
0.50% 108g,A
56de,B
46b,B
Citric Acid 0.10% 118fg,A
49gh,B
30d,C
0.25% 113fg,A
49h,B
33cd,C
0.50% 126ef,A
54defg,B
36c,C
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
Capital letters represent significant difference between columns
Some types of TEGDA films would not spincoat completely
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Table 3.2. Percent water solubility of ultrathin chitosan films
High MW

Med. MW

Low MW

8.7de,B

18.3f,B

25.3def,A

0.10%
0.25%

14.9de,A
24.1abcd,A

19.2ef,A
24.7def,A

14.8f,A
18.6f,A

0.50%

34.2ab,A

31.9bcd,A

33.5cde,A

Glycerol

0.10%
0.25%
0.50%

13.6de,A
20.4bcde,A
32.5abc,A

19.7ef,A
24.0def,A
30.1bcde,A

22.4ef,A
28.2def,A
35.2cde,A

TEGDA

0.10%
0.25%
0.50%

6.8e
10.0de
10.3de

.
.
.

.
.
.

EDTA

0.10%
0.25%
0.50%

12.2de,A
10.7de,B
39.0a,B

24.9def,A
39.6b,A
57.9a,A

22.8def,A
36.7bcd,A
63.2a,A

Control
TEG

0.10% 19.9bcde,B 26.8cdef,B
42.9bc,A
0.25% 17.6cde,B
37.2bc,A
44.1bc,A
0.50% 24.5abcd,B 38.2b,AB
50.3ab,A
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
Capital letters represent significant difference between columns
Some types of TEGDA films would not spincoat completely
Citric Acid
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Table 3.3. AFM analysis of ultrathin
chitosan films
Roughness (nm)

HMW MMW

LMW

1.12a

0.30b

0.47b

Max. Height (nm) 18.7a 10.3a
6.0a
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
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Table 3.4. Chromium binding % by ultrathin chitosan films
High MW
a,B

Control

Med. MW
a,A

Low MW

3.1

7.4

4.3a,AB

TEG

0.10%
0.25%
0.50%

2.3a,A
1.6a,A
0.9a,A

2.6bcd,A
5.1ab,A
4.3b,A

2.5ab,A
1.7ab,A
1.4ab,A

Glycerol

0.10%
0.25%
0.50%

2.2a,A
0.9a,A
1.3a,A

4.3b,A
3.9b,A
4.2b,A

2.9ab,A
3.1ab,A
1.3ab,A

0.10% 3.3a,A
3.3bc,A
.
a
0.25% 1.7
.
.
a
0.50% 1.4
.
.
a,A
cd,A
EDTA
0.10% 1.4
0.9
2.2ab,A
0.25% 1.1a,A
0.2d,A
3.6ab,A
0.50% 1.0a,A
0.0d,A
1.9ab,A
Citric Acid 0.10% 1.0a,A
0.3d,A
1.6ab,A
0.25% 0.5a,A
0.0d,A
1.4ab,A
0.50% 0.7a,A
0.3d,A
0.0b,A
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
Capital letters represent significant difference between columns
Some types of TEGDA films would not spincoat completely
TEGDA
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Table 3.5. Chromium bound by ultrathin chitosan films (mg
Cr/g film)
High MW
a,B

Control
TEG

Glycerol

0.10%
0.25%
0.50%
0.10%
0.25%
0.50%

Med. MW
a,A

Low MW

38.7

223.7

135.8a,A

29.6a,A
18.2a,B
8.9a,A
28.7a,A
11.0a,A
12.3a,A

80.0bcd,A
142.7ab,A
106.0bc,A
131.6b,A
112.0b,A
111.0b,A

102.5a,A
66.6a,AB
45.7a,A
119.8a,A
115.1a,A
43.0a,A

0.10% 47.6a,A
113.5b,A
.
a
0.25% 21.8
.
.
a
0.50% 16.0
.
.
a,A
cde,A
EDTA
0.10% 22.0
30.4
109.1a,A
0.25% 18.3a,B
7.1de,B
122.5a,A
0.50% 16.4a,A
0.0d,A
78.1a,A
Citric Acid 0.10% 14.8a,A
9.1de,A
92.3a,A
0.25% 7.1a,A
1.3de,A
76.8a,A
0.50% 9.9a,A
8.3de,A
2.3a,A
Different letters represent significant difference within column using Tukey's Mean
Separation with (P<0.05)
Capital letters represent significant difference between columns
Some types of TEGDA films would not spincoat completely
TEGDA
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CHAPTER 4. OVERALL CONCLUSIONS AND
RECOMMENDATIONS
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Throughout the experimentation described, it has been shown that addition of
plasticizers and cross-linkers did not result in a decrease in Cr(VI) binding by chitosan
films, whether thick or ultrathin. Even additives such as EDTA that can chelate metal
ions on their own did not increase the binding capacity of films containing 0.10%, 0.25%,
or 0.50% of the additive, a possible result of EDTA blocking the amine groups
responsible for the majority of the binding of the anionic chromate ion. Similar results
were seen from thick and ultrathin films; however, ultrathin films bind more Cr(VI) per
gram of film. This is most likely due to some of the chitosan in thick films being on the
interior, less accessible by the ions. Ultrathin coatings have a much greater surface area
to volume ratio so they will bind more chromate on a w/w basis.
Texture of chitosan films can vary greatly due to additive inclusion; texture of the
films can be manipulated to fit the various applications of the films. Plasticizer addition
will lead to more stretchable films and reduce tearing while cross-linked films will be
stronger and prevent direct puncture. Some cross-linked films may become extremely
brittle as a result of additive crystallization.
In general, additives are most useful when incorporated at 0.10% of the film-forming
solution. Excess cross-linker (above 0.25%) leads to crystallization (of EDTA and citric
acid) and surface coalescence of TEGDA. Addition of plasticizers at higher
concentrations did not generally have a negative effect, but most of the time the results
were similar to the films containing only 0.10% of glycerol or TEG. Additives should
only be used to alter the physical characteristics of chitosan films and not to alter binding
capacity.
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Different molecular weights of chitosan will yield films with different morphological
characteristics. Low molecular weight chitosan films tended to be more soluble in water,
especially compared to high molecular weight films. The thickness of films differed
significantly (P<0.05) based on the chitosan’s molecular weight. This thickness
difference can be attributed to a greater number of peaks and a higher roughness value as
noted by AFM.
Aged films behave better in aqueous solution. The greatest difference in films of
different ages is water solubility. Aged films lose much less weight in aqueous solution
as opposed to fresh films, which have greater moisture content. Metal binding was
significantly greater in aged control films than fresh control films while films with
additives were not significantly different (P<0.05) after aging.
Chitosan films are an efficient chelating agent for chromium, and literature has shown
that other metals follow this trend. Thus, chitosan films can be used for packaging,
binding, and filtration. Future study of chitosan films should focus on development of a
chitosan-based water remediation filter. This would remove chemical, physical, and
microbiological contamination from drinking water. Also, chitosan should be
incorporated into more packaging films to reduce waste from the seafood industry and
consumer plastics. In order to implement chitosan for either of these uses, it needs to be
accepted as GRAS by the United States Food and Drug Administration. Once this is
accomplished, chitosan can be a valuable commodity for food manufacturers, water
treatment facilities, and environmental cleanup groups.
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